Self-assembly of nanomaterials by wet chemistry methods is a suitable approach for the preparation of engineered structures with novel functionalities. In this work, we study the ability of long-chain amines to direct the growth of a layered nanomaterial, using [Re x Se y Cl z ] clusters as building blocks. The amines link to the clusters as ligands during the synthesis, directing the self-assembly due to their amphiphilic properties, which produces a platelet-shaped 2D material with sizes up to several μm in diameter and thicknesses in the range of 60-80 nm. This is, to the best of our knowledge, the first report on a one-step mild chemistry method for the preparation of 2D structures composed of alternate layers of self-assembled amines and sub-nm clusters of a rhenium chalcogenide. Furthermore, these materials can be used as a suitable source of clusters which then, conveniently released by a simple acid/base reaction, have been successfully incorporated to the surface of graphene. The simple clusters deposition method developed here offers a promising route towards the preparation of hybrid clusters/2D materials with outstanding properties arising from quantum confinement effects combined with high surface areas and the enormous compositional variety of 2D materials and clusters. These hybrids are expected to play a key role in the development of active materials for applications ranging from highly efficient energy storage systems, more active catalysts and upper-sensitivity gas sensors.
INTRODUCTION
Two-dimensional (2D) materials have emerged as promising candidates for a broad range of applications, which include energy storage, [1] [2] [3] [4] catalyst supports, 5, 6 transistors 1, 4, 7, 8 or drug delivery agents. 9, 10 There has been intense research to define suitable routes for the production of ultrathin nanosheets of layered materials, based either on the exfoliation of the bulk compounds by different techniques 4, [11] [12] [13] [14] [15] [16] [17] or on the growth of the 2D materials from molecular precursors via chemical vapour deposition 18, 19 and wet chemistry methods. 4, 20 The latter is a convenient approach to obtain stable, self-standing 2D structures, due to the mild reaction conditions and the great versatility of the technique, which has been successfully applied to the synthesis of transition metal chalcogenides, [21] [22] [23] layered double hydroxides 24, 25 or metal oxides, [26] [27] [28] among others. The synthesis of oxides and hydroxides by wet chemistry methods usually takes place within an aqueous medium, while the synthesis of chalcogenides usually requires the use of inert atmosphere and organic solvents, usually amphiphilic molecules (those composed of a non-polar hydrocarbon chain and a polar functional group, such as amine, carboxylic acid, alcohol or thiol) to avoid oxidation during synthesis.
The use of amphiphilic molecules presents several advantages due to their ability to direct or template the growth of nanostructures, 29 since the polar functional group of the amphiphile tends to interact with the growing structure while the non-polar tails interact with each other outward. 23, 30 This results in the stabilisation of the final structure, avoiding agglomeration and simplifying the further processing, besides that in some cases the amphiphilic molecules also become part of the structure, acting as a scaffold. 31, 32 For example, dodecanethiol has been successfully utilised for the synthesis of sizemonodisperse gold nanoparticles, 33 while long-chain amines successfully templated the growth of nanotubes of vanadium oxide 34 or gallium chalcogenides, 35 and a mixture of polymers and alcohols was used to template the growth of ultrathin 2D nanostructures of metal oxides, which do not have a layered structure in their bulk form. 28 In a recent report, the size and the number of layers of 2D MSe 2 (M: Mo, W) were effectively controlled through the different interactions of the growing MSe 2 structure with the functional group of the amphiphilic solvent (oleylamine, oleic acid or oleyl alcohol). 31 Moreover, singlelayer thin-films of nanoparticles with diameters below 5 nm arranged by self-assembly have also been reported in the pioneer works of Pileni et al. [36] [37] [38] In this work, we explore the ability of amphiphiles (long-chain amines) to template the growth of a layered, hybrid material composed of sub-nm clusters of rhenium selenide and arranged in alternate layers of clusters/amines to produce self-assembled circular platelets with diameters up to several μm and thicknesses in the range of 60-80 nm. The synthesis of the material is performed by a wet-chemistry method involving a mixture of hexadecylamine and dodecylamine as a solvent, at relatively mild reaction conditions (240°C for 1 h). The rhenium (V) chloride (Re 2 Cl 10 ) and diphenyldiselenide (Ph 2 Se 2 ) used as precursors decompose under these conditions to produce rhenium selenide clusters stabilized by the amines and additional chloride ligands, which self-assemble in the described hybrid structure as a result of the tale-tale interaction of the amphiphiles. Moreover, these hybrid platelets have been used as a source of clusters, which were further deposited on top of graphene. The incorporation of clusters on top of nanomaterials is a promising strategy for the development of new functionalities with fascinating potential for the development of novel applications in photonics, energy harvesting or catalysis. 39, 40 RESULTS AND DISCUSSION Characterisation of the platelets Scanning electron microscopy (SEM) shows that the material is composed of platelet-like particles with a circular shape and diameters in the range of 0.5-2 μm (usually around 1 μm), which sometimes present a wrinkled or folded surface and conform to the topography of the substrate as a result of their high flexibility (Fig. 1a, b) . These platelets have a layered nature, which is observed due to the arising of electron-charged brighter areas at the edge of the layers since the sample is non-conductive (inset in Fig. 1a ). The particles can be easily dispersed in isopropyl alcohol (IPA) by mild sonication, although an excess of sonication power or time may lead to the particle breaking in smaller, irregular pieces. The thickness of the particles, studied by atomic force microscopy (AFM), shows values between 60 and 80 nm, and steps are usually observed at the top surface of the platelets, with a value multiple of~3.1 nm, which is the smallest observed step (Fig. 1c, d ).
High-angle annular dark-filed (HAADF) scanning transmission electron microscopy (STEM) of a region, which has a fold parallel to the electron beam confirms that the material is composed of superimposed layers (Fig. 2a) , while the analysis of a flat edge reveals their granular nature (Fig. 2b) . Interestingly, these granules consist of clusters of atoms with a variable morphology: most of them present a diamond (rhombus) shape, which resemble the clusters observed in ReQ 2 (Q = S, Se), [41] [42] [43] while other structures, such as triangles or polyhedrons are also observed (Fig. 2b-d and Supplementary Fig. S1 in Electronic supplementary material (ESM)). The rhenium atoms appear as bright spots in the images and selenium is probably seen with much smaller contrast as blurry spots, while the lighter elements (carbon, nitrogen, chlorine) are not seen due to the small contrast caused by their small atomic number with respect to the rhenium. The rhenium-rhenium distances in the clusters were measured by acquiring 30 intensity profiles and the distribution of the bond length (which are in the range of 0.175-0.300 Å) is displayed as an inset in the Supplementary Fig. S1 in ESM. The homogeneous distribution of both rhenium and selenium in the sample was confirmed by energy-dispersive X-ray spectroscopy (EDX) mapping performed in the STEM microscope (Fig. 2e) .
The synthesis of nanomaterials by using wet chemistry methods usually proceeds via LaMer Theory (nucleation from the molecular precursors + growth). In this work, the usual metastable step of formation of clusters, which further evolve to nanosheets, as observed for cadmium (II) selenide 23 seems to have been stabilized by the presence of the long-chain amines and the obtained platelets are composed by clusters instead of sheets.
X-ray diffraction (XRD) of the sample, displayed in Fig. 3a in the d-spacing scale, indicates that the sample has a low crystallinity and shows a weak, broad band between d-spacing of 1.7 to 3 Å, in the same order of magnitude as the rhenium-rhenium distances measured by STEM (inset in Fig. 3a) , which is probably due to the overlapping of low intensity peaks, arising from the interatomic distances in the clusters. The ability of rhenium to form chalcohalide compounds which contains rhenium-rhenium single or multiple bonds has led to the report of a variety of structures, which includes triangular-shaped clusters of the type [Re 3 [45] [46] [47] [48] In the rhenium chalcohalide clusters, the rhenium-rhenium distances are in the range of 2.60 to 3.40 Å, while the rhenium-selenium distances are around 2.5 Å. 41, 44, 47, 49 In the clusters reported in this work, the rhenium-rhenium The main features of the XRD pattern, a series of peaks of decreasing intensity observed in the region between 6 and 18 Å, are due to the harmonics of the 00l reflection resulting from the spacing between the clusters layers. The distance between layers was calculated from these peaks, yielding a value of 30.3 Å, similar to the step distances measured by AFM and also in good agreement with the interlayer spacing found in other materials which contain long-chain amines between layers. 35, 50, 51 A comparison of the fourier-transform infrared (FTIR) spectra of the platelets and the long-chain amines confirms the presence of the latter in the nanostructures (Fig. 3b) . The vibration frequencies involving the amino group (labelled with a star) appear at lower wavenumber in the platelets due to the combined effect of the interaction with the clusters through the amino group combined with the partial protonation of the amine, while the frequencies ascribed to the hydrocarbon chain (labelled with a square) appear at the same frequencies in both the platelets and the neat amines. 52, 53 There is an appreciable degree of protonation of the amines in the platelets, which arises from a broad, weak band in the region between 3300 and 2000 cm −1 , which is overlapped with a fine structure, and a broad peak at 1600 cm −1 characteristic of protonated primary amines 54 (labelled with a circle).
The X-ray photoelectron spectroscopy (XPS) survey spectrum of the platelets, shown in Fig. 3c , confirms the presence of the expected elements rhenium, selenium, carbon, nitrogen, chlorine and also a small oxygen peak, which might be due to the incorporation of small amounts of oxygen during sample post treatment. The incorporation of oxygen in the platelets as hydroxyl ligand or adsorbed moisture is consistent with the presence of a broad band at wavenumber > 3300 cm −1 in the FTIR spectrum.
The XPS regions of N 1s, Re 4f and Se 3d were acquired at high resolution for a better understanding of the chemical bonding of these elements in the clusters (Fig. 3d, e) . The nitrogen peak is centred at binding energies typical of amines (399.9 eV), and also, in good agreement with FTIR results, shows a contribution from protonated amines (401.5 eV). The comparison of the area of both peaks allowed the estimation of the degree of protonation of the amines as 20%, while the non-protonated amine is the remaining 80%. The presence of these positively charged molecules suggests that, similarly as described for many other [Re x Se y Cl z ] clusters, the clusters present in the platelets might have a negative charge, which may be compensated with the protonated amines.
The selenium peak was fitted with two doublets with binding energies of 54.79 and 55.63 eV, which correspond with the 3d 5/2 and Se 3d 3/2 peaks, respectively. The position of the Se 3d peak is Selenium in different environments, such as elemental selenium (55.4 eV) or selenium/oxygen species (59.1-61.0 eV) would produce chemical shifts that are not observed in the spectrum, which indicates that selenium is effectively bonded to the rhenium atoms in the clusters. The rhenium 4f peaks were also fitted with two doublets at binding energies of 42.09 and 44.53 eV, for the 4f 7/2 and 4f 5/2 peaks, respectively. Interestingly, the shape of both peaks is symmetric, which is usually the case for rhenium compounds but not for rhenium metal (4f 7/2 peak at 40.6 eV), which exhibits an asymmetric line profile due to significant final state effects. 56 The binding energies of the Re 4f peaks are also similar to the peaks observed in [Re 6 Se 8 ] clusters. Both Se 3d and Re 4f are shifted to higher binding energies by 0.7 eV in comparison to rhenium (IV) selenide, which could be due to the effect of charge withdrawal caused by the more electronegative chlorine atoms also chemically bonded to the rhenium clusters. Chlorine presents a peak at a binding energy of 199 eV, typical of chlorine in metal halides (198.2-199.4 eV) and similar to rhenium (III) chloride (199.4 eV). The areas of the Se 3d and Re 4f peaks were integrated in order to calculate the Se:Re atomic ratio, which yielded a value of approximately 1.08, in good agreement with the Se:Re ratio of 1.12 calculated by total X-ray fluorescence (TXRF), shown in Supplementary Fig. S2 in ESM.
Elemental analysis provided a content of 21.67% of carbon, 3.99% of hydrogen, 1.75% of nitrogen and 2.84% of chlorine in weight%, which indicates that the content of amines is approximately 27.41% in weight. Since the relative ratios between carbon, nitrogen and hydrogen are intermediate between those found in dodecylamine and hexadecylamine, probably both amines are incorporated into the platelets. Moreover, thermogravimetric analysis (TGA) in air and nitrogen atmosphere show a strong weight loss between 180 and 230°C in both cases, probably related with the partial removal of the long-chain amines ( Supplementary Fig. S3 in ESM) . In air, the sample keeps losing weight when the temperature is increased above 230°C due to selenium, and remaining amines burning and rhenium oxidation, up to 850°C (residue: 5.65%). Under air, the rhenium is expected to form rhenium (VII) oxide, which sublimates above 360°C. 39 On the other hand, the sample remains stable up to 600°C under nitrogen atmosphere, with a weight loss of approximately 15% before that temperature, which indicates the partial amine removal by treatment of the sample at temperatures below.
We believe that the amines can display different types of interactions within the platelets structure: some of them are slightly bonded to the structure and can be removed by heating the sample above the amines boiling points (250 and 310°C for dodecylamine and hexadecylamine, respectively), while others, which are more strongly attached, can only be removed at temperatures above 600°C under nitrogen atmosphere, when the whole structure collapses due to the high temperature.
Ultraviolet-visible (UV-vis) photometry of a dispersion of the platelets in IPA acquired with a standard spectrophotometer showed a strong absorption in the whole measured range (extinction spectrum, black line in the Fig. 3f ). However, since the particles have diameters in the micron scale, a strong contribution from light scattering to the total light absorption (extinction spectrum) is expected. 57, 58 In order to distinguish between the contributions of both absorbance and scattering to the extinction spectrum, the absorbance was measured in a spectrophotometer equipped with an integration sphere 57 (red line in Fig. 3f ). The strong contribution arising from the scattering can be calculated by subtracting the absorbance to the extinction spectrum, and is displayed as the blue line in Fig. 3f . The absorbance spectrum is similar to the spectra of hexanuclear [Re 6 Se y Cl n ] clusters, although shifted to higher wavelengths, 47 showing a strong absorption in the ultraviolet region, with a local maximum at 256 nm and a broad band centred at 635 nm.
Dissolution of the platelets and clusters releasing
In order to explore the possibility of processing the clusters that comprise the platelets, the preparation of a stable clusters solution by a mild chemistry method was attempted. Since the protonated amines are expected to act as the main scaffolding to maintain the structure of the platelets, a simple treatment of the platelets with amines more basic than hexadecylamine and dodecylamine should be a suitable route to release the clusters via a simple acid-base proton exchange (Fig. 4a ). For this purpose the platelets, whose primary amines have an acidity constant (pK a ) of 10.63, were reacted with pyrrolidine, a cyclic, secondary amine with a pKa of 11.27, which led to a quick dissolution of the same, thus producing a green solution (experimental details are described in Methods). The dissolution kinetics was followed by UV-vis spectrophotometry, by measuring the light absorption at a fixed wavelength of 900 nm in a conventional UV-vis spectrophotometer (without the use of an integrating sphere). As mentioned before, when no integration sphere is used, both scattering (directly related to the size of the platelets) and absorbance contributes to the extinction spectra. Therefore, the measurements were carried out at 900 nm since the contribution from scattering is maximum compared to absorbance at that wavelength (see Fig. 3f ). The intensity of the absorbed light at 900 nm decreased exponentially during 180 s due to the fading of the scattering contribution until reaching a residual value (due to the intrinsic absorbance of the clusters), which indicates the complete solution of the platelets elapsed that time.
After the dissolution, the mixture was further vacuum-filtered through an alumina filter (pore size 20 nm). The extinction spectra of the solution before and after the filtration (Fig. 4c) are similar, which indicates the effective solution of the materials, showing only a decrease in the intensity of the absorbed light of 3% after filtration. Moreover, the extinction spectrum of the filtered solution is also similar to the absorbance spectrum of the platelets previously described in Fig. 3f , although with the bands slightly blue-shifted, which might be due to a small solvatochromic effect.
Deposition of the clusters on top of graphene The clusters were subsequently deposited on top of graphene by means of the destabilization of the clusters solution through the addition of a certain solvent (experimental details are described in Methods). Different solvents (water, methanol, IPA, acetone, ethoxyethane or cyclohexane) were added dropwise to a stable dispersion of clusters and graphene dispersed in a mixture of IPA and pyrrolidine (Fig. 5a ). The addition of a third solvent with different polarity is expected to cause a certain destabilization of the clusters, which might either deposit on top of the graphene (as observed for acetone, ethoxyethane or cyclohexane, shown in Fig. 5b-d ) or agglomerate and precipitate (as observed when protic solvents such as water, methanol or extra IPA are used, shown in Fig. 5e-g ). EDX point analysis performed at the SEM showed the presence of carbon, rhenium, selenium, chlorine, nitrogen and oxygen in all samples. As an example, the point EDX analysis on top of a graphene flake in the sample prepared with acetone (the analysed area is labelled with a yellow circle in Fig. 5b ) is displayed in Supplementary Fig. S4 in ESM. Furthermore, the samples prepared using acetone, ethoxyethane and cyclohexane showed a homogenous distribution of clusters on top of the graphene flakes under low resolution transmission electron microscope (TEM, Fig. 5h-j) . It must be mentioned here that the starting clusters/graphene weight ratio is 1:1, so it is not expected that all the clusters are able to deposit on top of the graphene and some probably remain in solution or precipitate afterwards. However, the optimisation of the coating process is out of the scope of the present work and will be reported in the near future.
HAADF-STEM images of the sample prepared with acetone show the clusters, with a similar morphology as in the platelets, broadly distributed on the surface of graphene (Fig. 6a, b) . The EDX mapping performed at the STEM microscope (Fig. 6c-h ) confirms that the clusters are composed of the same elements as in the platelets (rhenium, selenium, chlorine). The nitrogen distribution, which matches the same distribution as the clusters, indicates that, as expected, the amines (most probably, protonated pyrrolidine) are attached to them. These results confirm that this procedure is a successful method for the preparation of hybrid graphene/clusters materials.
CONCLUSIONS
This work explored the versatility of wet chemistry methods for the synthesis of hybrid 2D materials composed of metalchalcogenide clusters and amphiphilic molecules, which act as templating agents for the growth of the structure. We report the synthesis of platelets composed of alternate layers of clusters of [Re x Se y Cl z ] and long-chain amines, with sizes up to 2 μm and thicknesses in the range of 60-80 nm. These materials can be easily dispersed in IPA by mild sonication and processed to produce a clusters solution by dissolving the platelets in pyrrolidine by a simple acid-base reaction. Moreover, the clusters have been deposited on top of graphene by an easy wet chemistry process, which consist in the addition of a certain solvent (acetone, ethoxyethane or cyclohexane) to destabilise the clusters dispersion and drive their deposition on top of the graphene. Fig. 4 Scheme of the platelets solution in pyrrolidine (a). Evolution of the intensity of the absorbed light (λ = 900 nm) with time for a mixture of platelets in IPA and pyrrolidine (b). The extinction intensity was measured every 3 s. The UV-vis spectra of the sample before and after the filtration through a filter with a pore size of 20 nm is shown in (c)
We expect that wet chemistry methods similar to the one described above are suitable routes for the synthesis of 2D materials, which incorporate clusters in their composition, by using the templating ability of long-chain amines or other amphiphilic molecules. These hybrid materials present the advantages of incorporating the properties of the clusters together with the easy manipulation and isolation of the 2D structures, and most probably present interesting quantum confinement effects arising from its low dimensionalities. Furthermore, the simple route for clusters release and deposition here described can be probably extended to the preparation of other hybrid materials, which allows the production of a plethora of clusters/nanomaterials composites. Our future work will be focused on the developing of clusters/graphene composites as active materials for energy storage devices.
METHODS Materials
Re 2 Cl 10 (98%), Ph 2 Se 2 (98%), dodecylamine (98%), hexadecylamine (technical grade, 90%), pyrrolidine (99%) acetone (anhydrous, 99%) methanol (anhydrous, 99%), IPA (anhydrous, 99%), toluene (anhydrous, 99%), ethoxyethane (anhydrous, 99%), cyclohexane (anhydrous, 99%) and graphite flakes (purity > 75%) were acquired from Sigma-Aldrich. All solvents were stored in a moisture-free atmosphere, while the Re 2 Cl 10 and the Ph 2 Se 2 were stored in an argon-filled glove-box until use. Graphite was used without further purification.
Synthesis of the platelets
The platelets were synthesised in a 100 cm 3 two-neck flask, filled with 0.22 mmol of Re 2 Cl 10 (160 mg), 0.22 mmol of Ph 2 Se 2 (70 mg), 20 mmol of dodecylamine and 100 mmol of hexadecylamine, and connected to a reflux system under nitrogen atmosphere. Due to the sensitivity of Re 2 Cl 10 to moisture and oxygen, the setup was handled in a way so as to avoid direct exposure to the open air.
The mixture was heated up to 60°C under vigorous magnetic stirring until complete dissolution of the components and further heated slowly to 240°C. This temperature was maintained for 1 h. Then, the system was allowed to cool down and 10 cm 3 of toluene were added to facilitate the washing, which was performed with warm IPA (40 cm 3 , four times) and centrifugation.
Dissolution of the platelets and clusters releasing
Ten milligrams of the platelets were initially dissolved in 4 cm 3 of pyrrolidine by hand shaking at room temperature. The solution became transparent, dark green in few minutes, indicating that the platelets were completely dissolved, whereupon it was filtered through an alumina filter with a pore size of 20 nm. A stock solution of clusters in pyrrolidine of an approximate concentration of 0.05 mg cm -3 was prepared by adding neat pyrrolidine to the filtered solution and labelled as solution A. N.B. to calculate the concentration, the respective long-chain amines weight (27.41% as per elemental analysis) was subtracted, and this concentration excludes the weight of pyrrolidine expected to be chemically bonded to the clusters in solution (unknown).
To measure the kinetics of the dissolution, 1.5 cm 3 of pyrrolidine were added over 1.5 cm 3 of platelets dispersed in IPA in a cuvette, followed by a strong hand shaking, and the light absorption was measured at a fixed wavelength of 900 nm, during 300 s, at intervals of 3 s. In order to avoid the effect of the precipitation of the platelets on the measurements, the cuvettes were hand shaken every 60 s. Consequently, the dots which correspond to the spectrophotometer openings were removed from the graph in Fig. 4a . Deposition of the clusters on top of graphene A stock dispersion of graphene was prepared by sonication of graphite (1 g) in 100 cm 3 of IPA with a Fisher Scientific sonic tip (nominal power 500 W, working at 40% amplitude, with pulses of 5 s length for 8 h). 9 The mixture was distributed in 50-cm 3 centrifuge tubes, and centrifuged in a Heraeus Multifuge centrifuge at 3500 rpm for 90 min. Then, 30 cm 3 of the supernatant of every centrifuge vial were transferred to a 200 cm 3 glass bottle and the concentration of the dispersion was calculated by filtration of 20 cm 3 through a polypropylene backed filter with a pore size of 0.5 μm, which resulted in 0.027 mg cm -3 (solution B). A homogeneous dispersion of clusters and graphene (solution C) was produced by mixing 12 cm 3 of pyrrolidine, 6 cm 3 of solution A and 11.11 cm 3 of solution B (slowly added), which led to a total amount of 0.3 mg of graphene and clusters, respectively, in a total volume of 29.11 cm 3 . At this point, no precipitation of graphene or clusters was observed, and the solution seems to be stable towards precipitation for several hours.
Then, 2 cm 3 of a third solvent (water, methanol, IPA, acetone, ethoxyethane or cyclohexane) were added dropwise over 2 cm 3 of solution C under vigorous stirring, and the resulting composites were characterised by SEM, EDX, TEM and HAADF-STEM.
Characterisation techniques SEM was performed with a Zeiss Ultra Plus field-emission microscope equipped with a Gemini column (acceleration voltage 2 kV) and a secondary electron detector. Samples were prepared by mild sonication of the material in IPA and further drop casting on top of a SEM stub (Fig. 1a) and a TEM grid (Fig. 1b) . HAADF-STEM images and EDX mapping were acquired using a NION Ultra STEM 200 operating at 60 kV with a Bruker windowless EDX detector. Low resolution TEM images were acquired with a JEOL USA JEM-2100Plus transmission electron microscope operated at 60 kV. AFM measurements were done in an Asylum Research MFP 3D microscope working in a tapping mode with a shift of −5%. A silicon tip coated with aluminium from Budget Sensors and a nominal resonant frequency of 300 kHz was used. The images were acquired under ambient conditions at 22°C with a scanning rate of 1 Hz. The data were processed with Gwyddion software. A Bruker Advance Powder X-ray diffractometer equipped with a molybdenum-Kα emission source (λ = 0.7107 Å) in the Bragg-Brentano configuration was used to acquire the XRD data, from 2θ angles of 2 to 35 degrees and with a step size of 0.01 degrees.
XPS was acquired using an Omicron XM1000 equipped with a MkII X-ray source (monochromated aluminium K α ) and an Omicron EA125 energy analyser (pass energies were 15 eV for the core-level spectrum and 100 eV for the survey spectrum). Charge compensation was done with an Omicron CN10 electron flood gun. Following the subtraction of a Shirley background, the core-level spectra were fitted with Gaussian-Lorentzian line shapes with the software CasaXPS. TXRF spectrum was acquired in a S2 PicoFox TXRF spectrometer (Bruker Nano GmbH) equipped with a molybdenum X-ray source working at 600 μA at 50 kV and a XFlash SDD detector (effective area of 30 mm 2 , energy resolution > 150 eV for manganese K α ). Cobalt was used as internal standard.
The optical extinction and absorbance spectra were measured on a PerkinElmer 650 spectrometer in quartz cuvettes with a path length of 0.4 cm, from 240 to 1100 nm. The sample was dispersed in IPA by mild sonication before the measurements. The extinction spectrum was measured in the standard configuration, while the absorbance spectrum was measured using an integrator sphere, which contained the dispersion inside of a cuvette with all the sides transparent, located in the geometrical centre of the device. (N.B. the correct positioning of the cuvette is important for correct/reproducible results). 49 The scattering spectrum was calculated subtracting the absorbance to the extinction spectrum.
FTIR was acquired by the diffuse reflectance method in the range of 500-4000 cm −1 using a Perkin Elmer Spectrum 100 FTIR spectrometer. TGA were carried out by heating 3.5 mg of the sample from ambient temperature to 850°C (heating rate 10°C min −1 ) under air or nitrogen atmosphere, using a Perkin Elmer Pyris 1 TGA, previously calibrated with iron and nickel standards.
